In a rat model of neuroinflammation induced with a low-dose infusion lipopolysaccharide (5.0 ng/hr, LPS), we reported that brain arachidonic acid (ARA, 20:4 n-6), but not docosahexaenoic acid (DHA, 22:6n-3), metabolism is increased compared to control rats. To further characterize the impact LPS has on the induction of injury in this model, we quantified the dose-dependent activation of neuroglia and the loss of cholinergic cells in rats subjected to increasing doses of LPS. In this study, we found that LPS produced a statistically significant and linear dose-dependent increase in the percentage of activated CD11b-positive microglia ranging from 26% to 82% following exposure to doses ranging between 0.05 and 500 ng/hr, respectively. The percentage of activated GFAP-positive astrocytes also increased linearly and significantly from 35% to 91%. Significant astroglial scaring was evident at the lateral ventricular boarder of rats treated with 50 and 500 ng/hr LPS, but not evident in control treated rats or rats treated with lower doses of LPS. A dose-dependent decrease in the numbers of ChAT-positive cells in the basal forebrain of LPS-treated rats was found at higher doses of LPS (5, 50, and 500 ng/hr) but not at lower doses. The numbers of ChAT-positive cells within individual regions of the basal forebrain (medial septum and diagonal bands) and the composite basal forebrain were similar in their response. These data demonstrate that extremely low doses of LPS are sufficient to induce significant neuroglia activation while moderate doses above 5.0 ng/hr are required to induce cholinergic cell loss.
Introduction
The metabolism of brain arachidonic acid (ARA, 20:4n-6) is increased by 40 % in rats subjected to an intracerebral ventricular infusion of bacterial lipopolysaccharide (LPS, 0.5 ng/hr). This results in an increase in the turnover rates of ARA in brain ethanolamine and choline glycerophospholipid but does not alter ARA metabolism in other phospholipid groups [1] [2] [3] . The metabolism of brain docosahexaenoic acid (DHA, 22:6n-3) is not altered [4] . Further, LPS at this dosage also increases the activity of both ARA-selective secretory and cytosolic phospholipases A2 activity and the levels of prostaglandins E2 and D2 [1] . These data suggest that a continual infusion of LPS results in an ARA-selective inflammatory response in the brain.
Because LPS is highly immunogenic and amongst the most potent inflammation-inducing agents known [5] [6] [7] understanding how inflammatory events in the brain respond to increasing doses of LPS is important to begin to understand the impact that the selective increase in ARA metabolism has in injury progression. In this model, LPSinduced neuroinflammation is associated with distinct functional and morphological changes by microglia within the central nervous system [8, 9] , which result ultimately in cholinergic cell loss in the basal forebrain and brain atrophy following prolonged exposure [10] . However, a wide range of doses of LPS have been used to induce the neuroinflammatory response in this model. Some studies have used low doses (0.5-5 ng/hr) of LPS [1] [2] [3] 11] , whereas others have used very high doses of LPS (150-5000 ng/hr) [10, [12] [13] [14] [15] [16] [17] . Because it is known that high concentrations of LPS can alter the blood brain barrier (BBB) permeability [18] [19] [20] [21] and result in focal necrotic lesions outside the ventricular zone [22] characterizing the dose-dependent effect of LPS on neuroglia reactivity and ChAT-cell loss in this model is important to understand it effect on injury progression.
In this regard, inflammatory processes in the brain are characterized by biochemical and morphological changes in microglia and astrocytes. Microglia cells within the central nervous system are central mediators of the neuroinflammatory response. Naïve microglia demonstrates a ramified morphology characterized by a small cell body and numerous processes. Upon stimulation by binding of LPS to toll-like receptor 4 (TLR4) receptor complex the morphology of the microglial cells change from ramified to amoeboid as they assume a phagocytic role within the central nervous system. This biochemical and morphological shift provides multiple beneficial roles that include removing antigen and cellular debris as well as boosting the autotrophic secretion of different factors that support neuronal survival. Persistent activation of microglia on the other hand can increase the release of proinflammatory cytokines, induce astroglial activation, stimulate bystander lysis, and increase the permeability of the BBB which allows the infiltration of peripheral macrophages [18, 20, 21] . In comparison astrocytes undergo varying molecular and morphological changes in response to pro-inflammatory signals in a process known as reactive astrogliosis. Reactive astrogliosis occurs in response to inflammatory signals produced during infection and injury. Reactive astrocytes produce multiple signaling molecules and maintain a characteristic hypertrophied morphology. Mild to moderate reactive astrogliosis is thought to be potentially reversible, while prolonged reactive astrogliosis can result in astroglial scar formation [23] . Astroglial scars can function opposite to prolonged microgliosis by forming astroglial barriers that potentially reduce BBB permeability altering injury resolution [24, 25] . Therefore, characterizing the complex interplay between microgliosis and reactive astrogliosis in this model of inflammation will allow us to better understand injury progression during neuroinflammatory insults.
The purpose of this study was to characterize the dosedependent increase in neuroglia reactivity and to determine the doses necessary to induce significant cholinergic cell loss in rats subjected to a continual 28-day intracerebral ventricular infusion of LPS. The hypothesis being that extremely low doses of LPS are sufficient to induce neuroglia reactivity while greater concentrations are necessary to induce cholinergic cell loss. These studies show that LPS infusion resulted in a linear and dosedependent increase in the percentage of reactive neuroglia within the brain and that moderate to high doses of LPS (5.0-500 ng/hr) were necessary to decrease the number of ChAT-positive cells in the basal forebrain. These results suggest that the selective increase in the metabolism of brain ARA using a low dose rate of LPS reflects primarily neuroglia activation, which is consistent with regional increases in ARA incorporation as determined by autoradiographic analysis [2] .
Materials and Methods
Reagents. All reagents were purchased from Sigma Chemicals (St. Louis, MO), Permount™ was obtained from Fisher Scientific (Pittsburgh, PA), and absolute ethanol was purchased from Pharmco (Brookfield, CT). Normal horse serum, normal goat serum, biotinylated horse anti-mouse immunoglobulin G and Vectastain kits were obtained from Vector Laboratories (Burlingame, CA). Antibodies were purchased from AbD Serotec (Raleigh, NC, CD11b), and Millipore (Temecula, CA, GFAP, ChAT, rat biotinylated goat anti-rabbit immunoglobulin G, and 3,3′-diaminobenzidine tetrahydrochloride (DAB)). Laboratories, Portage, MI) as previously described [26] . Rats were subjected to doses of LPS ranging from zero (control-treated) to 0.05, 0.5, 5.0, 50, and 500 ng/hr.
Fixation and Sectioning.
Anesthetized rats (sodium pentobarbital, 50 mg/kg, i.p.) were subjected to a cardiac perfusion using 0.9% saline containing 1000 units/L sodium heparin (Baxter, Deerfield, IL). Brain fixation was performed with a periodate-lysine-paraformaldehyde (PLP) solution containing 4% formaldehyde, 0.01 M sodium periodate, and 0.1 M lysine dissolved in 0.05 M phosphate buffer (pH 7.4) [26] . A cryostat (IEC, Needham Hts., MA) was used to cut 20 µm serial coronal brain sections, that were mounted on gelatin-coated glass slides and stored at room temperature until use.
Immunohistochemistry. Tissue sections were rehydrated in 0.1 M Tris-buffered saline, pH 7.6 (TBS), subjected to a modified antigen retrieval procedure [26] [27] [28] . Prior to use, the endogenous peroxidase activity was blocked using 0.3% H202 in TBS [26] . Activated microglial cells were visualized using a CD11b antibody and cholinergic cells were visualized using a ChAT antibody both diluted to a final concentration of 1:1000. Astrocytes were visualized using a GFAP antibody diluted to a final concentration of 1:400. Sections used to identify CD11b and GFAP immunoreactivity were incubated for 1 hr in a blocking solution containing 1% bovine serum albumin, 0.1% Triton™ X-100 and 2% horse serum in TBS and sections used to identify ChAT immunoreactivity were blocked using 10% normal goat serum in TBS prior to the addition of the primary antibodies. The sections were exposed to primary antibody for 72 hr (CD11b), 48 hr (ChAT), or 24 hr (GFAP) at 4° C in hydration chambers [26] . Sections used to quantify ChAT immunoreactivity were incubated for 2 hr in a 1:500 solution of rat-adsorbed, goat anti-rabbit biotinylated secondary antibody and sections used to identify CD11b or GFAP immunoreactivity were incubated for 2 hr in a 1:200 solution of rat-adsorbed, horse antimouse biotinylated secondary antibody dissolved in the appropriate blocking solutions described above. Immunoreactivity towards the individual antibodies, experiments to determine non-specific antibody binding, and subsequent manipulation of the slides were performed as described previously [26] . An Olympus microscope (Model BX50) equipped with Spot™ Model 2.3.1 camera and imaging software (version 3.4.5, Leeds, Minneapolis, MN) was used to capture images and the images were analyzed using MCID analysis software (InterFocus Imaging LTD., Linton, UK, Ver. 7.0).
Cell counting.
A quantitative cell count analysis was performed in triplicate using 10 parallel sections from the differing treatment groups (n = 6) that encompassed a 200 µm region of the basal forebrain [26] . Anatomical landmarks were used to identify the location of counting frames [29] and quantitation was performed by counting all immunepositive cells located in the left and right hemispheric regions [26] . The procedures describing field identification, morphological image analysis [25, [30] [31] [32] [33] , and calculations made to quantify neuroglial activation and cholinergic cell density were performed as defined [26] .
Statistical Analysis. Statistical analysis was performed comparing controls to LPS-treated rats using a One-way ANOVA with Tukey's posttest (GraphPad InStat ® , Ver. 3.06 for Windows, GraphPad Software, San Diego CA). Data are presented as mean ± SEM with a statistical significance threshold set at p < 0.05.
Results

Morphological analysis of increasing doses of LPS on CD11b-positive microglia.
Composite results of blinded counts of CD11b-positive activated microglia from serial sections throughout the MS, HBB, cortex, and striatum of the basal forebrain from rats treated with dose rates 0, 0.05, 0.5, 5.0, 50, or 500 ng/hr LPS are outlined in Figure 1 .
In rats treated at does rates of 0.05, 0.5, 5.0, 50, or 500 ng/hr of LPS we found a statistically significant and linear dose-dependent increase in the proportion of activated microglia (p-value < 0.05), with an average of 26±0.4, 48±1, 53±1, 67±0.8, or 82±1 percent of the total number of labeled cells demonstrating an activated morphology, respectively. In control aCSF-treated rats, numerous CD11b-positive microglia with ramified morphology were observed (Figure 2a ) however on average 8 percent of the total number of CD11b-positive labeled cells demonstrated an activated morphology. In LPS-treated rats, microglial morphology was altered ranging from the ramified form typical of the resting state to amoeboid shape with thicker proximal processes and loss of distal ramification. From 0.05 to 500 ng/hr of LPS infusion the CD11b-positive cells demonstrated a gradual increase of activated CD11b-positive microglia with marked reduction of ramified CD11b-positive microglia (Figure 2b, c, d , e, and f). At 500 ng/hr of LPS infusion, the dramatic change in the morphology of CD11b-positive microglia resembled fully activated microglia with amoeboid and condensed or phagocytic morphology (Figure 2f ) with very few naïve ramified microglia. Figure 3 shows the results of blinded counts of GFAPpositive astrocytes from serial sections throughout the MS, DBB, cortex, and striatum of the basal forebrain of rats treated with 0.05, 0.5, 5.0, 50, or 500 ng/hr of LPS compared to control treated rats. A significant increase in the percentage of GFAP-positive astrocyte demonstrating an activated morphology was observed in rats treated with increasing dose rate of LPS (35±3.9%, 52±7.9%, 61±4.5%, 74±2.5%, and 91±2.1%, respectively) com-pared with control rats. In control aCSF-treated rats, numbers of astrocytes expressed GFAP immunoreactivity in their processes however little GFAP immunoreactivity was observed in the cell bodies (Figure 4a ). The morphological changes in GFAP expression and increases in the intensity of GFAP staining were evident from 0.05 to 500 ng/hr of LPS-treated rats (Figure 4 b, c, d , e, and f). The morphology of the astrocytes on high dose of LPS infusion displayed obvious hypertrophy, and GFAP expression was noted in the cytoplasm as well as in the processes. At dosing rates of 50 or 500 ng/hr LPS significant increases in the amount of GFAP staining was evident along the ventricular boarders suggestive of astroglial scaring at these concentrations ( Figure 5 e and f) . Concentration of GFAP staining at the ventricular boarders was not evident at lower infusion doses ( Figure 5 a-d) . 
Morphological analysis of increasing doses of LPS on GFAP-positive astrocytes.
Effects of different dosing rates of LPS on ChAT-positive cells within basal forebrain.
Discussion
The focus of this study was to characterize the morphological changes of neuroglial and quantify cholinergic cell loss in response to a very wide range of endotoxin doses. We found that a chronic infusion of LPS at doses of 0, 0.05, 0.5, 5.0, 50, or 500 ng/hr for 28 days produced a linear and dose dependent increase in the proportion of activated neuroglia. The effects on microglial activation are consistent with previous studies on the effects of chronic LPS administration into fourth ventricle of rat brains. Interestingly, we found that microglial activation can be observed even in a very low dose of LPS (0.05 ng/hr). These findings agree with that of others demonstrating LPS is a potent stimulus for microglia [34, 35] and that a low dose of LPS is sufficient to induce significant increases in the metabolism of ARA and induction of phospholipases involved in inflammatory cascades in this model [1] [2] [3] 11] . Following CNS injury, astrocytes undergo transformation to a reactive state that have the morphologic characteristics of cellular hypertrophy and hyperplasia, cytoplasmic enlargement, and elongated cytoplasmic processes [32, 33] . The transformation to a reactive morphology is associated with an increased immunoreactivity towards GFAP, which is the principal intermediate filament of the astrocytic cytoskeleton and is unique to astrocytes [25] . This study demonstrated that enlargement of the astrocytic cytoplasm as well as thickened processes are detected throughout the brain at doses as low as 0.05 ng/hr LPS. The induction of GFAP immunoreactivity was consistent with the increase in the number of activated microglia [36, 37] . Concurrently, the number of activated astrocytes increased linearly and significantly with increasing doses of LPS. Taken together, these data suggest that the magnitude of the microgliosis and reactive astrogliosis as demonstrated by CD11b and GFAP immunoreactivity can also indicate the degree of severity of an inflammatory response in this model. Microglia respond rapidly bacterial endotoxin and is consistent with their role of being "sensors to pathological events in the CNS" [38] . Our results show that ramified microglia were evenly distributed throughout the brain in control treated rats with on average 8% of the total having an activated morphology. Following treatment with increasing doses of LPS the transformation from ramified to an activated state demonstrated a dose-dependent response. Interestingly, as the dose of LPS was increased a greater proportion of the total microglia demonstrated an activated morphology. Following high doses of LPS (50-500 ng/hr), some activated microglia further transform into large, round cells with short, stout processes or no processes consistent with brain macro-phages [36, 39] or ameboid microglial cells [40] . This type of morphology was found only at the higher LPS doses used in or around the basal forebrain area. Because microglia in this study demonstrated a graded dose-dependent response to LPS, these data indicate that microglial response to inflammatory stimuli can be used as an indicator of the degree of severity of an inflammatory response [37] . An intense recruitment of phagocytically active brain macrophages induced by the high-dose infusion of LPS may cause bystander lysis [9] through release of secretory products that damage healthy neurons [41] suggesting a causative role in the pathogenesis of neurologic disease and injury [42, 43] .
Chronic infusion of differing levels of high doses of LPS produced a significant loss of ChAT positive cells within the basal forebrain [12, 13] , suggesting that the cytotoxic effects of chronic neuroinflammation induced by LPS within the basal forebrain are dose-independent. Results, measuring a wider range of LPS doses, suggest that low doses of LPS ranging between 0.05 and 0.5 ng/hr do not result in a significant loss of ChAT positive cells despite significant increases in microglia and astroglial activation. These results lead us to believe that mechanisms other than LPS induced glial-mediated inflammatory reactions may be involved in the loss of ChAT-positive cells found following high-dose treatment. A possible mechanism may include disruption in BBB permeability follow a chronic high-dose infusion of LPS. In this regard, it is know that LPS disrupts BBB permeability in a concentration and time-dependent manner [18, 20, 21, 44] . Our data showing increases in GFAP immunoreactivity along the ventricular borders suggests that higher doses of LPS do result in possible astroglial scarring which can alter BBB permeability and result in microenvironment changes that can alter neuronal survival [23] . In this regard, a chronic infusion of low dose LPS for 16 days produced a dose-dependent increase in lesion volume and abscess formation accompanied by pronounced astrogliosis without neuronal loss [22] . They concluded that neurons were apparently capable of surviving in this milieu of inflammation and significant neuronal loss may not be an immediate consequence. Another possible mechanism is that reactive microglia and astrocytes express molecules that could promote neuronal survival [45] . Although most studies suggest that activated neuroglia harm the brain, moderate microglial and astrocyte activation is thought to be beneficial [38, 46] . Thus, in the absence of astroglial scarring, neuroglial activation may be involved in maintaining homeostasis by isolating and protecting the still intact neuron from bystander lysis [25, 47] . Therefore, the cholinergic neuronal death observed in chronic high dose of LPS infusion may be an indirect result of astroglial scarring.
In conclusion, this study shows that LPS, when infused directly into the 4 th ventricle of the rat brain, results in a dose-dependent response of activated microglia and astrocyte and that moderate to high concentration of LPS are required to induce significant loss of ChAT-positive cells in the basal forebrain. Thus, the inflammatory reaction following long-term, low-dose LPS infusion could be more valuable for inducing glial-mediated inflammatory response than high-dose of LPS infusion.
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